Background: Evidence is increasingly emerging about multiple roles for the NAD(P)H quinone oxidoreductase 1 enzyme in cancer. The C609T (rs1800566, Pro187Ser) null polymorphism of the NQO1 gene contributes significantly to the variation in enzymatic activity across different populations. NQO1 C609T polymorphism was thoroughly investigated with respect to cancer susceptibility. The results were inconsistent partly due to low sample sizes. The aim of the present work was to perform a meta-analysis to assess association for all common cancer sites separately and in combination.
Cancer is a leading cause of death worldwide. It is estimated that the burden of cancer will increase up to 22.2 million new cases diagnosed annually worldwide by 2030, which represents an increase by 75% compared with the statistics of 2008 (Bray et al, 2012) .
It is now recognised that sporadic cancer is a complex and multifactorial disease involving the contribution and interaction of several genetic and environmental factors. In the recent years, polymorphisms in low-penetrance genes involved in anti-carcinogenic biochemical pathways have been a subject of thorough investigation in the context of identifying the genetic risk factors for cancer development. The NAD(P)H quinone oxidoreductase 1 enzyme (EC 1.6.5.2), encoded by the NQO1 gene, which is mapping to chromosomal location 16q22.1, was hypothesised to have a crucial role in the protection against oxidative stress and was shown to be a multifunctional antioxidant and an exceptionally versatile cytoprotector (Dinkova-Kostova and Talalay, 2010) . Furthermore, recent studies indicated protective roles for NQO1 unrelated to its enzymatic activity and involved in apoptosis, as it was found to act as a stabiliser for the tumor suppressor protein p53 (Asher et al, 2002a) . Figure 1 summarizes the multiple protective roles of NQO1 known so far.
Several polymorphisms were identified in the NQO1 gene. However, by far the most commonly studied and the most biochemically influential polymorphism is the C609T polymor phism (dbSNP: rs1800566) at exon 6 of the gene, which results in a proline-to-serine amino-acid change at codon 187 of the protein. The NQO1 C609T polymorphism was shown to have an established and strong impact on enzymatic activity of the expressed protein by extremely decreasing stability, as the variant enzyme is rapidly ubiquitinated and degraded by the proteasome (Siegel et al, 2001 ). Thus, it was found that homozygosity for the variant T allele results in virtually complete elimination of enzymatic activity (2-4% activity of the wild type), whereas heterozygosity yields decreased enzymatic activity by threefold compared with homozygosity for the wild-type allele (Kuehl et al, 1995; Siegel et al, 2001) .
A large number of studies reported the investigation of the role of NQO1 C609T polymorphism in the susceptibility for developing several types of cancer. However, the results were inconsistent rather than conclusive, possibly due to the small sample size in the majority of studies. Although a few number of meta-analyses were performed in an attempt to overcome the problem of low statistical power in individual studies, these meta-analyses considered individual cancer sites separately (Yuan et al, 2011; Liu and Zhang, 2011; Guo et al, 2012; Zhou et al, 2012) . Recognised as a global and versatile antioxidant and cytoprotector ubiquitously expressed in all tissues, the gene for NQO1 is proposed to have common roles among all histopathologically different types of cancer arising in different sites or tissues. Therefore, it is biologically plausible to study the effects of polymorphisms in the NQO1 gene with respect to overall cancer risk. The aim of the present study was to conduct a global meta-analysis to investigate the role of NQO1 C609T polymorphism with respect to the overall cancer risk, and perform new or updated site-specific metaanalyses involving all common sites of cancer previously investigated in relation to the NQO1 C609T polymorphism.
MATERIALS AND METHODS
Search strategy. The PubMed database was searched to identify case-control association studies involving cancer and NQO1 C609T polymorphism. To ensure comprehensive searching, we used only general keywords: 'NQO1' or 'NADPH:quinone oxidoreductase 1' and 'Cancer' and 'polymorphism' without applying search filters. Articles were retrieved on 17 January 2013. Article searching was repeated independently by searching the Scopus database to compare with the PubMed search results and identify articles not indexed in PubMed. All articles were initially reviewed by abstract and title examination to select for relevant articles, which were subjected to further screening.
Study selection and inclusion/exclusion criteria. Relevant articles were subjected to the following predetermined inclusion criteria: (1) studies investigating the NQO1 C609T polymorphism with respect to disease susceptibility. (2) Studies with case-control design. (3) Studies including full genotyping data (CC, CT, and TT counts in the case and control groups). (4) Genotype distribution of NQO1 C609T in the control group is in Hardy-Weinberg equilibrium (HWE). (5) Studies involving adult cancer (childhood leukaemia studies were excluded). (6) Studies involving primary cancer (therapy-related cancer studies were excluded). (7) Studies published in English.
Data extraction. The following information about the eligible studies was extracted: first author name, year of publication, country of study, ethnicity of studied subjects, tumour site, full genotyping data for the case and control groups, and source of control groups (hospital-or population-based controls). When an article included several ethnic groups or cancer sites, each comparison was treated as a separate study. In a few studies where the racial descent of study subjects was not plainly stated, ethnicity was inferred on the basis of the largest ethnic group inhabiting the country of study.
Statistical analysis. We strictly followed published guidelines and recommendations for quality assessment in meta-analyses of genetic association studies (Stroup et al, 2000; Minelli et al, 2009) . (1) We tested five different genetic models and avoided assuming only one 'wrong' genetic model. (2) Between-study heterogeneity and publication bias were thoroughly assessed. (3) Concordance with HWE was comprehensively tested for all studies. (4) Sensitivity analysis was performed to check for the impact of individual studies or subgroups of studies. (5) Metaregression analysis was performed to identify any potential source of heterogeneity. (6) The random effects model was utilised to calculate odds ratios and 95% confidence intervals (CIs) whenever moderate-to-high heterogeneity was found.
We tested all relevant studies for concordance of the genotypic distribution of the NQO1 C609T polymorphism in the control group with the HWE principle using the w 2 -test, and considered P-valueso0.05 as statistically significant. Association between the NQO1 C609T polymorphism and cancer risk was investigated under different genetic models; namely, the dominant (CC vs CT þ TT), recessive (CC þ CT vs TT), homozygous codominant (TT vs CC), heterozygous codominant (CC vs CT) and allele contrast model (C vs T). The strength of association was assessed by calculating the odds ratios and 95% confidence intervals and the Z-test was used to evaluate statistical significance with P-valueso0.01 considered as statistically significant. Stratified analysis by cancer site, ethnicity, and minor allele frequency (MAF) in controls was conducted. Cancer sites with less than three studies were all grouped under a category termed 'other' in the overall population analysis. Studies involving mixed populations belonging to different ethnic groups were assigned the 'Mixed' ethnicity category.
Between-study heterogeneity was assessed using the Cochran's Q-test (Cochran, 1954) by calculating the P heterogeneity value, and was quantitated by calculating the I 2 statistic. A random effects model using the DerSimonian and Laird method was used to calculate the OR and 95% CI for comparisons with moderateto-high heterogeneity (I 2 425%). Otherwise, a fixed-effects model using the Mantel-Haenszel method was utilised (Petitti et al, 1994) . Moreover, meta-regression analysis (Thompson and Sharp, 1999 ) was used to identify three possible sources of heterogeneity including ethnicity, tumour site, and MAF.
Sensitivity analysis was performed by sequential omission of individual studies (leave-one-out analysis) and tumour sites for various genetic models in the Asian, Caucasian, and overall population.
Publication bias was evaluated graphically using the Begg's funnel plot and statistically using the method of Egger's linear regression test (Egger et al, 1997) . Comprehensive Meta-Analysis (Version 2, Biostat, Englewood NJ, USA) and OpenMetaAnalyst (http://www.cebm.brown.edu/ open_meta) were used for statistical analyses.
RESULTS
Characteristics of retrieved studies. Systematic screening was performed to identify relevant and eligible studies (Figure 2 ). PubMed search returned 251 articles (retrieved on 17 January 2013). Initial examination involving abstracts and titles lead to the exclusion of 130 non-relevant articles. Of the remaining 121 relevant articles, 15 articles were found to lack complete genotyping data, 8 articles were published in other languages than English, 12 articles involved childhood leukaemia, and 5 articles involved secondary cancer. As a result, 81 articles including 97 studies (comparisons) were found to be eligible (Table 1) . Upon testing for concordance with the HWE principle, five studies were found to deviate from HWE and were excluded. Finally, a total of 76 articles involving 92 studies and 21 178 cases and 25 157 controls were included. Scopus searching did not return any additional eligible studies not indexed in PubMed. About 80% of studies involved either Caucasian or Asian populations. There were 50 studies on Caucasian populations, 24 on Asians, 6 studies on Indians, 4 studies on Arabs, 2 studies on African Americans, 2 studies on Turks, and single studies on Persian, Hawaiian, Hispanic, and mixed populations.
Quantitative synthesis. We observed significant variation of the T allele frequency across different ethnicities in healthy controls (Figure 3 ). Statistically significant association was found for the total population when all studied cancer sites were combined, and under all studied genetic models (Table 2) , with the strongest association found under the TT vs CC model (OR ¼ 1.18 (1.07-1.31), P ¼ 0.002). On stratification by ethnicity, we found statistically significant associations for the Caucasian subgroup under all genetic models with the strongest association found under the TT vs CC model (OR ¼ 1.28 (1.12-1.46), P ¼ 0.0002). Stratification by cancer site revealed statistically significant associations for bladder cancer (for the TT vs CC model, OR ¼ 1.48 (1.14-1.93), P ¼ 0.003), and gastric cancer (for the dominant model, OR ¼ 1.34 (1.09-1.65), P ¼ 0.006) ( Table 2) .
We investigated the interaction between the two major ethnic groups (Caucasian and Asian) and cancer site with respect to the effects of NQO1 C609T on cancer susceptibility (Table 3 ). Significant association was found for bladder cancer in Asians (for the TT vs CC model, OR ¼ 1.70 (1.17-2.46), P ¼ 0.005).
Test of heterogeneity and meta-regression analysis. Heterogeneity tests for the total group involving combined cancer sites showed statistically significant (P heterogeneity o0.05) but quantitatively moderate heterogeneity with I 2 valueso50% (Table 2 ). However, when stratified by ethnicity, heterogeneity was found statistically insignificant and quantitatively low for the Caucasian subgoup (I 2 valueso25%), except for the heterozygous codominant model (I 2 ¼ 26%) (Table 2 ). Furthermore, the homozygous codominant (TT vs CC) and the recessive (TT vs CT þ CC) models showed extremely low heterogeneity in Caucasians (I 2 ¼ 1%) indicating generally consistent findings among studies in these populations. By contrast, tests for the Asian subgroup showed statistically significant and quantitatively moderate-to-high heterogeneity, which pointed to the Asian ethnicity as an important source of heterogeneity. This was confirmed by meta-analysis regression (Table 4) , which identified the Asian subgroup as a major source of heterogeneity relative to the Caucasian subgroup (P ¼ 0.03). This was also supported by general examination of the forest plot ( Figure 4) where it was evident that the majority of Caucasian studies yielded consistently odds ratios 41 for the TT vs CC model (indicating increased risk for the TT homozygous genotype), whereas Asian studies yielded more scattered odds ratios. Additionally, when the MAF in controls were grouped into 'high' (435%) or 'low' (o35%) categories, the 'high' MAF subgroup, which correlates with the Asian subgroup ( Figure 3 ), was found to be a significant source of heterogeneity relative to the 'low' MAF subgroup (Po0.001). MAF was also examined as a continuous variable and was confirmed to be a major source of heterogeneity as indicated by the regression plot ( Figure 5 ) and P-value of o0.001 (Table 4 ). Sensitivity analysis. Single studies or single tumour sites were sequentially excluded from the meta-analysis to investigate the relative weights of individual studies or data sets. The odds ratios and P-values were not statistically altered indicating that the meta-analysis was generally robust.
Publication bias. Publication bias was assessed for the two most commonly investigated genetic models (homozygous codominant and allele contrast models). The shapes of funnel plots did not indicate any evidence of significant asymmetry ( Figure 6 ). In addition, the Egger's test did not yield any evidence of publication bias (t ¼ 0.97, P ¼ 0.33, for TT vs CC, and t ¼ 0.28, P ¼ 0.78 for T vs C).
DISCUSSION
Our meta-analysis included 92 studies and involved 21 178 cases and 25 157 controls. Although all common cancer sites except for bladder and stomach cancers showed no statistically significant association, the combined analysis showed that the variant T allele of NQO1 C609T polymorphism is strongly associated with overall cancer risk in the total population. Stratification by ethnicity revealed that association is significant for the Caucasian populations, which comprised the largest part of available studies NQO1 C609T polymorphism and cancer risk BRITISH JOURNAL OF CANCER on the subject, but not for the Asian ethnicity, which was another largely represented ethnicity in the available studies. Furthermore, although heterogeneity for the total group was only moderate, as shown by I 2 values in Table 2 , we identified the Asian ethnicity studies as the major source of heterogeneity observed. The high MAF (435%), which strongly correlates with the Asian ethnicity, as can be seen in Figure 3 , was also a major source of heterogeneity.
The C609T is one of very few known and common singlenucleotide polymorphisms that completely eliminate enzymatic activity, and its biological impact in vivo is undoubted. The NQO1 enzyme has been increasingly attracting attention in cancer and more roles unrelated to its classical metabolic functions (Figure 7 ) are being constantly discovered (Figure 1) . First, the NQO1 enzyme has the classical role of catalysing the obligatory twoelectron reduction of a broad range of exogenous and endogenous quinones to their respective hydroquinones, preventing the oneelectron reduction of these compounds into semiquinones and a variety of reactive oxygen species (Iyanagi and Yamazaki, 1970; Bianchet et al, 2004) . Second, NQO1 was shown to have an additional antioxidant effect by directly and independently scavenging superoxides (Siegel et al, 2004) , a function that is The head and neck cancer category includes oral, laryngeal, pharyngeal and thyroid cancers. The ethnicity 'Asian' was used to refer to populations inhabiting eastern Asia. shared with superoxide dismutase. Third, the NQO1 was found to maintain the integrity of microtubule cytoskeleton (Wignall et al, 2004) , although the exact mechanism by which NQO1 functions in this respect is yet to be established. Fourth, the NQO1 enzyme was recently found to act as a stabiliser for several tumour suppressor proteins (p53, p73, and p33), and this stabilisation was shown to be especially prominent under conditions of oxidative stress (Asher et al, 2002a,b) . As the C609T polymorphism principally affects the susceptibility of the enzyme to degradation in vivo, it affects all aspects of NQO1 function indistinguishably. The overall results of our meta-analysis showed that the variant T allele, which eliminates enzymatic activity, is a susceptibility allele that is compatible with the multiple NQO1 functions described above.
The largest role of NQO1 in cancer susceptibility is attributable to the interaction of the enzyme with environmental exposure. The high MAF of the C609T polymorphism of this 'environmental' enzyme in the Asian population (435%) compared with the Caucasian population (o20%) suggests that the environmental exposure is widely different among the two populations. In other words, it can be inferred from the difference in MAF, on the basis of natural selection principles, that the rare allele carriers in the Asian populations are not as in disfavour as their counterparts in Caucasian populations. The variation in allele frequency of this polymorphism therefore highlights major environmental differences among the two populations and may in turn partly explain why a significant association was found in Caucasians but not in Asians. Another possible explanation is the widely different genetic structure between the two populations, as the overall effects of NQO1 C609T polymorphism on cancer susceptibility might be overshadowed or compensated by variants in other metabolic genes (Hengstler et al, 1998; Persson et al, 1999; Zheng et al, 2011) . We avoided stratification for other ethnicities due to the very limited number of available studies.
Although most individual studies on Caucasian populations statistically failed to establish an association, it can be seen from the forest plot (Figure 4 ) that the results of the overwhelming majority of individual studies in Caucasians consistently indicated that the rare allele was a susceptibility factor, as shown by odds ratios 41 for the majority of studies. The lack of statistical association despite the consistency in results among these studies might be due to the low MAF in these populations, as it is difficult from a statistical point of view to establish mild-to-moderate associations with low-frequency alleles because this requires extremely elevated sample sizes. Our meta-analysis may have overcome this problem of low statistical power by combining studies involving all common cancer sites. Combining all common cancer sites seems biologically plausible given the fact that the metabolic (Figure 7 ) and non-metabolic effects of this enzyme apply in all common cancer sites.
While evidence about the multiple protective roles of the NQO1 enzyme in cancer has been continuously emerging, it should be noted that NQO1 may have adverse effects in some cases. For example, it was found that the NQO1 may bioactivate procarcinogenic coumpounds such as certain nitroaromatic compounds and heterocyclic amines, present in tobacco smoke and certain processed foods (Benson, 1993; Chen et al, 1995; Ross et al, 2000) . Determination of the nature of environmental exposure becomes more important in this context, as the variant T allele that eliminates enzymatic activity would be expected to exert protective effects under such conditions. Indeed, few studies reported protective effects for the TT homozygous genotype in Asian populations for lung cancer (Chen et al, 1999; Sunaga et al, 2002) , and the nitrosamine 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), which was found to induce lung adenocarcinoma in rodents (Ohgaki et al, 1985; Hoffmann et al, 1996; Hecht, 1999) , and is bioactivated by NQO1, was shown to exist in variable amounts in cigarettes of different brands/geographical origins (Gray et al, 2000) . This may contribute to the heterogeneity of the effects of NQO1 C609T polymorphism in lung cancer. The duality of NQO1 function in detoxifying and bioactivating carcinogens, the manifestation of which is obviously governed by specific environmental patterns, can explain the high heterogeneity observed in Asian populations in the present meta-analysis. The high environmental heterogeneity for the Asian subgroup may in turn explain the observed overall lack of association observed in our meta-analysis for this ethnicity. Our meta-analysis did not include studying the interaction between specific environmental factors and NQO1 C609T polymorphism due to the lack of data in the published reports. More information about environmental exposure patterns in the Asian populations is important to resolve the source of heterogeneity observed in the present meta-analysis and assess the true effects of this polymorphism in these populations.
Although our results support firm conclusions about the association between the NQO1 C609T polymorphism and total cancer risk and especially in the Caucasian subgroup, where very low heterogeneity and high consistency among studies were found, three major points are worth consideration in the present meta-analysis. First, the calculated odds ratios in the present meta-analysis were necessarily crude unadjusted odds ratios, as information about potential confounders, especially environmental exposure patterns, were rarely found in the individual studies. Second, our lack of association results with respect to certain individual cancer sites should be approached with caution because of the small sample sizes available in the published studies. Finally, the statistical problems of multiple testing in such comprehensive meta-analyses involving a very large number of statistical tests should be considered. Examination of Tables 2 and 3 shows that the total number of statistical tests performed was 165. However, we attempted to approach this issue rationally by only correcting for the number of genetic models tested through dividing the conventional cut-off P-value of 0.05 by the number of genetic models tested (five models). Hence, a cut-off P-value of 0.01 was considered. We did not correct for the number of cancer sites investigated, as we believe each cancer site should be tested independently, similarly to conducting individual meta-analyses involving single cancer sites. Although there has been some debate about the topic of correcting for multiple testing, we agree about the notion that exaggeration in correcting for multiple testing is as likely to harm scientific evidence as the lack of it, as it may negate true positive associations (Perneger, 1998; Krawczak et al, 2001) .
CONCLUSION
The present comprehensive meta-analysis suggests the NQO1 C609T polymorphism as an important genetic factor in the overall risk for developing cancer, especially in Caucasian populations. More case-control association studies are needed to support this finding in individual cancer sites and in various ethnic groups. Figure 7 . The multiple roles of NQO1 in the metabolism of established carcinogens.
